grid based ice accretion code. Flow solutions for the inlet were generated using the VSAERO panel code. Grids used in the ice accretion calculations were generated using the newly developed adaptive grid code ICEGRID3D. The LEWICE3D grid based ice accretion program was used to calculate impingement efficiency and ice shapes. Ice shapes typifying rime and mixed icing conditions were generated for a 30 minute hold condition. One such area that has benefitted greatly from these changes has been the design of aircraft ice protection systems.
The task of aircraft ice protection system design which was previously one of subjectivity, based heavily on correlation and extrapolation, and carried out by highly experienced individuals is now one of objectivity, based on sound models and carded out by entry level engineers. Historically systems have been designed using the methods of . This entailed interpolation or extrapolating from previously tested conditions and configurations. If a configuration or condition didn't exist in ADS-4 then various forms of extrapolation were used. As the aircraft industry progressed the newer designs were less and less similar to those in the ADS-4 database and the task of interpolation or extrapolation became harder and riskier. With the advent of the computer age numerical methods were made available, reducing the guess work. Many 2D and some 3D methods are now available to aid the user in designing an aircraft ice protection system (ref. 2-6) . This paper outlines one such 3D method and presents validation for a Boeing 737-300 inlet.
Flow, trajectory and ice accretion calculations were made and compared to experiment for the Boeing 737-300 inlet using the VSAERO flow solver (ref. 
H. EXPERIMENT

A. EXPERIMENTAL APPARATUS
The aerodynamic and impingement efficiency tests were carried out in the NASA Lewis IRT. The test equipment included the IRT ( fig. 1 ), the ESCORT data system, a special spray system for the impingement tests ( fig. 2 ), a laser reflectometer for impingement efficiency data reduction ( fig. 3) , and the Boeing 737-300 inlet model ( fig. 4) Figure 6 shows a typical blotter installation for the 737-300 inlet. The result was that the local impingement efficiency rate was reflected on the blotter strips as a variation in color intensity. That is, the areas of higher impingement rate are darker and those with lower impingement rate are lighter.
Several steps were necessary to prepare the IRT for impingement testing. The specially designed spray system had to be installed and adjusted to produce a uniform cloud. The local LWC had to measured at each blotter strip location (with the tunnel empty) for every spray and tunnel condition to account for any cloud nonuniformity that existed after the final spray adjustment. After these adjustments and measurements were made the model was inserted and tested.
Each points was repeated five times to obtain a statistical average (ref. 8).
A typical test point for involved several steps. The model was cleaned and blotter strips were attached at points of interest. Figure 6 shows a typical blotter strip installation for the 737-300 inlet and illustrates the angular reference system used in presenting the data.The spray was then made, the blotter strips were removed, and labeled, and the model was cleaned and made ready for the next condition.
The Boeing 737-300 inlet model was tested for two drop sizes (16.45 grn, 20.36 _tm), at two angles-of-attack (0°, 15°) and at two mass flows (7.8 kg/s, 10.4 kg/s). The drop size tests were repeated three times for each condition to generate a statistical average. This resulted in a large amount of data (-216 strips).
II. ANALYTICAL METHOD
The icing calculation required a three step process. This last feature is where the code really differs from the oct-tree methods in that it allows a given cell to be divided into 8, 4 or 2 cells depending on the refinement function instead of the oct-tree method which divides a cell into 8 cells if the refinement is required. This results in grids with much fewer cells for cases where gridding requirements are disparate in the different directions (e.g. swept wings which have a much smaller cell size requirement in the chordwise direction than in the spanwise direction).
The grid used in the icing calculations is shown in figure 5 . The grid contains 138,098 cells and 160,047 points. The grid plane at y = 0 shows the major features of the grid. Two refinement functions were chosen for the grid in each direction. The first refinement function was based on distance from the surface. The user specifies a minimum cell size near the surface, the geometric rate of growth of the cell size as the distance from the body increases, and the maximum cell size far away from the body. Because of the highly 3D nature of the inlet and the fact that trajectory calculations were required everywhere, the refinement parameters in the x, y, and z directions were set to be the same. The minimum x, y, and z cell size near the surface was set to 2.54 cm.
The geometric growth rate of the cells was chosen to be 1.4. The maximum x, y, and z cell size far from the body was chosen to be 12.7 cm. The second refinement function was based on distance from the leading edge of the inlet. This area is where most of the trajectories were to be calculated and where the velocity gradients were the highest, hence, smaller grid spacing was required. As for the first function, the user specifies a minimum cell size near the surface, the geometric rate of growth of the cell size as the distance from the body increases, and the maximum cell size far away from the body. Additionally, the user specifies the region of panels on the surface for which the refinement is to be applied (i.e. the range of panel columns and rows of the surface patch). The minimum x, y, and z cell size near the surface was set to 1.27cm. The geometric growth rate of the cells was chosen to be 1.4. The maximum x, y, and z cell size far from the body was chosen to be Figures 9-12 depict the overall picture of the collection efficiency for the inlet. The calculations were generated by using a large matrix of particles (200 x 400). The calculations although expensive (-6 hours) give a much broader picture of the collection efficiency characteristics of the inlet.
The effect of drop size on collection efficiency can be seen in figure 9 . Increasing the drop size results in a higher collection efficiency on the lip and centerbody of the inlet. Increasing the drop sizealsoresultsin a lessuniformcollectionefficiencydistributionatthe compressor face with larger peak values and larger shadow zones (i.e. areas where no droplets impact). This is because the more massive drops could not follow the flow around the inlet lip.
The effect of droplet distribution can be seen in figure 10 . The droplet distribution case yields smaller peak collection efficiencies on the inlet lip with a larger extent of impingement. The collection efficiencies on the centerbody are larger for the distribution case. For the compressor face the monodisperse case generates larger collection efficiencies with a greater degree of uniformity. given positive inlet angle-of-attack the ice shape transitions from more towards the outside of the inlet to more towards the inside of the inlet as we traverse from the lower lip around the inlet to the upper lip. For a given inlet angle-of-attack increasing the mass flow results in an ice shape that is more towards the outside of the inlet.
V. CONCLUSION
The grid based LEWICE3D-VSAERO-ICEGRID3D combination proved to be an inexpensive, flexible, accurate ice protection system design tool. The flow and ice accretion calculations were done quickly, cheaply and accurately for a range of 3D conditions. The ICEGRID3D, VSAERO, grid based LEWlCE3D, combination was, in general, inexpensive to operate. The grid calculation took approximately 5 hours and the VSAERO flow calculations took on the average of 1.4 hours for the isolated inlet case on the SGI Power Challenge computer.
The ice accretion calculations required about .27 hours per section-of-interest using a seven bin distribution. These run times imply calculation times of several hours for a full aircraft configuration on a large workstation or overnight on a modern PC.
In general, the calculations for surface velocity, heat transfer, collection efficiency and ice shape compared well with experiment where data was available and with intuition where no data was available. The surface velocities for the inlets agreed well with experiment. Although no heat transfer data was available for the inlets the results followed velocity gradient trends and appeared reasonable. The calculated collection efficiency compared favorably for all cases considering the inviscid flow approximation used and the repeatability and accuracy of the collection efficiency data. The ice shape predictions appeared reasonable and representative of the conditions from which they were derived. The rime and mixed shapes followed trends set by the collection efficiency and heat transfer coefficient, respectively. 11.
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